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Introduction: Exosomes are closed-membrane nanovesicles that are secreted by a variety 

of cells and exist in most body fluids. Recent studies have demonstrated the potential of exo-

somes as natural vehicles that target delivery of functional small RNA and chemotherapeutics 

to diseased cells.

Methods: In this study, we introduce a new approach for the targeted delivery of exosomes loaded 

with functional miR-26a to scavenger receptor class B type 1-expressing liver cancer cells. The tumor 

cell-targeting function of these engineered exosomes was introduced by expressing in 293T cell 

hosts, the gene fusion between the transmembrane protein of CD63 and a sequence from Apo-A1. 

The exosomes harvested from these 293T cells were loaded with miR-26a via electroporation.

Results: The engineered exosomes were shown to bind selectively to HepG2 cells via the 

scavenger receptor class B type 1–Apo-A1 complex and then internalized by receptor-mediated 

endocytosis. The release of miR-26a in exosome-treated HepG2 cells upregulated miR-26a 

expression and decreased the rates of cell migration and proliferation. We also presented evidence 

that suggest cell growth was inhibited by miR-26a-mediated decreases in the amounts of key 

proteins that regulate the cell cycle.

Conclusion: Our gene delivery strategy can be adapted to treat a broad spectrum of cancers 

by expressing proteins on the surface of miRNA-loaded exosomes that recognize specific 

biomarkers on the tumor cell.
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Introduction
A major challenge in gene therapy is the development of nontoxic, molecular transport 

vehicles that efficiently deliver functional copies of a therapeutic gene to target cells. 

While viral vectors are frequently used for this purpose, their application to treat human 

cancers is limited by an inherent toxicity, potential infectivity, and immunogenicity.1 

Alternative nonviral vector platforms have also been developed for gene targeting and 

delivery, examples of which include synthetic polymers, micelles, and nanoparticles.2 

Although promising in animal models of human disease, these vehicles are limited by 

the same problems encountered by viral-derived vehicles.3 These limitations could be 

overcome by using host-derived, “living” gene delivery vehicles, examples of which may 

include engineered exosomes,4 blood platelets,5–7 and red blood cells.8 Exosomes are natu-

ral lipid membrane-enclosed vesicles that have a broad range of diameters (30–150 nm) 

and are synthesized and released by a variety of cells types.9 The natural internal cargo 

of exosomes includes specific mRNAs, miRNAs, and proteins that can be transported to 

remote target cells in many cases. This targeting is achieved by specific interactions of 
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proteins on the exosomal membrane with receptor molecules 

on the target cell.10 We and others have also shown that the 

molecular cargo transported and delivered by exosomes to tar-

get cells can influence pathological and physiological processes 

in the target cell or tissue, including immune responses, blood 

coagulation, tumor growth, and tissue repair.11–15 Furthermore, 

the presence of specific genetic information within exosomes 

derived from tumor cells offers opportunities to develop simple 

liquid biopsy-based approaches for cancer detection or to 

monitor the effectiveness of a cancer treatment.16,17

Exosomes exhibit unique features that could be exploited to 

enhance their performance as personalized vehicles for targeted 

delivery of therapeutics to diseased cells and tissue. First, since 

they are produced in a patient, they are recognized as “self”, 

which increases their stability in serum. Moreover, their longer 

circulation compared with artificial nanovehicles will result in a 

significant increase in the chance of this molecule encountering 

with target cells, even deep-seated tumor cells.5 Also significant 

in this regard are studies that show exosomes traverse intact 

biological barriers, including the blood–brain barrier (BBB), 

and have an ability to deliver functional RNA and small mol-

ecule drugs to target cells.4,18–20 The intrinsic cell-targeting 

property of exosomes can be further enhanced by using genetic 

engineering techniques to introduce specific proteins to their 

surface, including ligands for receptors (Apo-A1) or antibodies 

directed against tumor biomarkers.21,22 Alvarez-Erviti et al, for 

example, engineered exosomes produced by dendritic cells to 

express the neuron-specific rabies viral glycoprotein peptide, 

which binds to the acetylcholine receptor expressed on neuronal 

cells. These exosomes were shown to cross the BBB.4 This class 

of exosomes is the current preferred vehicle for the delivery of 

small interfering RNA (siRNA) to brain cells.

Small RNAs, including siRNA and miRNA, can be 

used as molecular therapeutics to treat a variety of diseases, 

including cancer, cardiac disease, and neurodegenerative 

disorders.23 Most therapeutic applications of miRNA require 

packaging the nucleic acid in a vector or nanovehicle, example 

of which include adenovirus (AV), adeno-associated virus 

(AAV), liposomes, polycationic polymers, and organic/

inorganic nanoparticles.24–29 Kota et al, for example, showed 

that miR-26a, a downregulated miRNA in hepatocellular 

carcinoma, could be delivered to liver cancer cells using AAV 

where it induced tumor-specific apoptosis in a mouse model of 

liver cancer.30 Moreover, our group developed a poly(lactic-co-

glycolic acid)/polyetherimide/hyaluronan (PLGA/PEI/HA)-

based vehicle as a carrier of miR-145 and further showed that 

PLGA/PEI/HA/miRNA complexes were delivered efficiently 

to tumor cells within colon carcinoma xenografts in mice 

where they exhibited significant antitumor effects.31

Inspired by the findings of these earlier studies, we have 

developed a new approach to repurpose exosomes as living 

vehicles that can deliver nucleic acid therapeutics to target 

cells. In particular, Apo-A1, the main component of high-

density lipoprotein (HDL), was expressed as a fusion with the 

transmembrane protein CD63 to facilitate its presentation on 

the surface of the exosome. Apo-A1 is a known target of the 

scavenger receptor class B type 1 (SR-B1) receptor, which 

is known to mediate phospholipid transfer between HDL 

and the cell membrane.32 SR-B1 is highly expressed on the 

surface of many types of liver cancer cells, including HepG2, 

hepatic carcinoma, melanoma, and prostate cancer.33–35 Apo-

A1-CD63 presenting exosomes produced by 293T cells were 

loaded with miR-26a by electroporation and shown to be 

internalized by HepG2 cells via SR-B1 receptor-mediated 

endocytosis. The exosome-mediated delivery of miR-26a 

to HepG2 cells was further shown to upregulate miR-26a 

expression, where it downregulated key cell cycle proteins 

that arrested the cell cycle and inhibited cell proliferation. 

Therefore, significance of this study is that it introduces a 

personalized approach to cancer treatment by engineering a 

natural vehicle generated from cells isolated from the patient 

to deliver a therapeutic miRNA to specific tumor cells.

Patients and methods
Cell culture and reagents
The human embryonic kidney 293T (HEK293T) and human 

liver cancer HepG2 cells were purchased from American 

type culture collection (ATCC, Maryland, MD, USA). Both 

cell lines were cultured in high glucose Dulbecco’s Modified 

Eagle’s Medium, supplemented with 10% fetal bovine serum 

(FBS; Thermo Fisher Scientific, Carlsbad, CA, USA) and 

penicillin (100 U/mL)/streptomycin (100 mg/mL), at 37°C 

in 5% CO
2
. β-actin, CD63, CD9, glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), CCND2, CCNE2, cell division 

protein kinase 6 (CDK6), and anti-IgG antibodies were pur-

chased from Abcam (Cambridge, MA, USA), and an Apo-A1 

and anti-IgG antibody were purchased from R&D (Minne-

apolis, MN, USA). Cy5-labeled miR-26a was synthesized by 

Integrated DNA Technologies (Coralville, IA, USA). Other 

reagents were purchased from Thermo Fisher Scientific. The 

FBS was microvesicle depleted by 2 h ultracentrifugation at 

100,000× g, followed by filtrating with a 0.22 μm steritop 

filter (Millipore, Billerica, MA, USA).

Construction of plasmids and preparation 
of exosome
The pEGFP-N2 expression system (Clontech, Mountain 

View, CA, USA) was used for the vector expression construct  
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as recommended by the manufacturer. First, the sequence 

encoding CD63 was amplified from 293T cells using 

polymerase chain reaction (PCR) primers (Forward: 5′-C
CCAGATCTGCCACCATGGCGGTGGAAGGAGGA

ATGAAATG-3′, Reverse: 5′-CCGGAATTCCATCAC

CTCGTAGCCACTTCTGATAC-3′). The cDNA oligos 

were annealed and cloned to the Bgl II/EcoR I-digested 

pEGFP-N2 vectors. The sequence encoding the Apo-

A1-binding peptide was obtained from GE Dharmacon 

(Lafayette, CO, USA) and prepared with PCR primers 

(Forward: 5′-CTACGGGGTACCATGAAAGCTGCGGT 

GCTGA-3′, Reverse 5′-TGCACGGGATCCTCACTGGGTG

TTGAGCTTCTTAGTG-3′) with restriction enzymatic sites 

(Kpn I/BamH I) directly fused into pEGFP-N2 vector. The full 

construct was introduced into a pEGFP-N2 vector with the Bgl 

II and BamH I restriction sites being located downstream of 

the cytomegalovirus (CMV) promoter. Each step of the vector 

construction was confirmed and validated by DNA sequencing 

and PCR and is shown collectively in Figure S1.

The Apo-A1 targeting ligand was fused to CD63 as 

previously described.36 The HEK 293T cells were seeded in 

25-cm2 flasks (NUC; Thermo Fisher Scientific, Waltham, 

MA, USA). Cells at 70%–80% confluence were transfected 

with the Apo-CD63 plasmid using Lipofectamine 3000 

(Invitrogen) as recommended by the manufacturer. The 

293T cells were analyzed for green fluorescent protein (GFP) 

expression 48 h after the transfection. GFP-expressing 293T 

cells were counted and isolated using fluorescence-activated 

cell sorting (BD Influx, Piscatway, NJ, USA). The sorted cells 

were harvested and cultured in 175-cm2 flasks for 96 h. 

The exosomes were subsequently purified from the culture 

medium using an exosome isolation kit (exoEasy™; Qiagen, 

Hilden, Germany) as recommended by the manufacturer. The 

resulting pellet containing an enriched population of GFP-

labeled exosomes was resuspended in 400 μL of saline.

Characterization of exosome
Exosome samples were imaged by transmission electron 

microscope (TEM) as follows: exosome pellets were rinsed 

three times with PBS for 10 min, and exosomes in the final 

pellet were fixed after resuspension in a droplet of 2.5% 

glutaraldehyde in PBS buffer at 4°C. The sample was 

dehydrated using increasing concentrations of alcohol. The 

samples were then observed under a TEM (JEM-2100; JEOL, 

Tokyo, Japan) at a voltage of 80 kV.

The particle size of exosome sample was measured using 

a Zetasizer Nano S (Malvern Instruments, Malvern, UK). 

The surface charge was measured by determining the zeta 

potential in PBS buffer.

Exosome labeling and loading
Exosomes were visualized after staining with the fluorescent 

probe3, 3′-dioctadecyloxacarbocyanine perchlorate (DiO), 

which was purchased from Invitrogen. Purified exosomes 

were incubated with 5 μM DiO for 15 min at 37°C and ultra-

centrifuged at 120,000× g for 90 min to remove unbound 

probe. After two wash–centrifugation cycles (PBS followed by 

120,000× g centrifugation), the labeled exosomes were resus-

pended in PBS and used in cell studies shortly thereafter.

Exosomes with a total protein concentration of 10 μg/mL 

(measured by the Nanodrop instrument) were mixed with 

400 nM of Cy5-labeled miR-26a in 1 mL PBS. The mixture 

was electrophoresed under the following condition: 400 V, 

50 μF, three cycles by 30 ms pulse/2 s pause. After the load-

ing of miR-26a, the exosome samples were diluted 10× with 

PBS and centrifuged at 110,000× g for 70 min to remove 

unbounded miR-26a. The incorporation of miR-26a into exo-

somes was determined by quantitative reverse transcription 

PCR (RT-PCR). RNA was isolated from pellets with TRIzol 

Reagent, as recommended by the manufacturer.

Exosome uptake
The efficiency of Apo-A1-modified exosome targeting to 

HepG2 cells was quantified as follows. HepG2 cells (3×105) 

were seeded in a 3.5-cm glass-bottom dish and incubated until 

they reached ~70% confluency. The cells were then washed 

with PBS and incubated with cell culture medium containing 

108 particles/mL of exosomes labeled with DiO. The fluo-

rescence signal of DiO in HepG2 cells was recorded in a 

confocal laser scanning fluorescence microscope (CLSM), 

and images were processed with ZEN software (CLSM; Zeiss 

LSM710, Oberkochen, Germany).

HepG2 cells were incubated with miR-26a-loaded exosomes 

for 1, 3, 6, 12, and 24 h. At each time point, the supernatant was 

removed and the wells were washed twice with PBS. After the 

final PBS wash, the preparation was fixed using 4% paraform-

aldehyde and incubated with the DNA stain (5 μg/mL Hoechst 

33342) for 20 min. Fluorescence images were recorded with 

CLSM. The configurations of the confocal fluorescence filters 

were as follows: for DAPI (4′,6-diamidino-2-phenylindole) imag-

ing: excitation wavelength, Haupt Farb Teiler (HFT), 405/488 nm 

and beam splitter pinhole diameter, 154 mm; for DiO imaging: 

HFT, 488/543 nm and pinhole diameter 184 mm; for Cy5 

imaging: HFT, 543/633 nm and pinhole diameter, 220 mm.

Exosomes-mediated inhibition of cell 
migration and proliferation
The effect of miR-26a-loaded exosomes on HepG2 cell 

migration was quantified in vitro as follows: 3×105 HepG2 
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cells were seeded in six-well plates and incubated until they 

reached 70% confluence (~24 h). The wells were treated with 

either PBS, 293T cell-derived exosomes-loaded miR-26a 

(Exo/miR-26a), or APO-CD63 vector-engineered 293T-

derived exosome-loaded miR-26a (APO-Exo/miR-26a) 

and incubated for 4 h at 37°C. A wound was introduced to 

the monolayer of attached cells by grazing the surface with 

a sterile pipette tip followed by gentle washing with PBS; 

the cells were subsequently incubated in fresh medium at 

37°C. Images of cells within the scratched monolayers were 

recorded at 24, 48, and 96 h, respectively.

Cell proliferation was determined in a separate set of 

experiments using cell counting kit-8 (CCK-8) assay to detect 

changes in cell viability after different incubation times. 

HepG2 cells were seeded in 24-well plates at an initial density 

of 2×104 cells/well for HepG2 in 1 mL of growth medium 

and incubated for 24 h prior to the addition of Exo/miR-26a 

and APO-Exo/miR-26a at different N/P ratios. Untreated 

cells were taken as control with 100% viability.

RNA isolation and quantitative real-time 
reverse transcription PCR
Total RNA was extracted from different treated cells using 

the Trizol reagent (Invitrogen, Carlsbad, CA, USA), as 

recommended by the manufacturer. Levels of miRNA 

were quantified using TaqMan® miRNA assays (Applied 

Biosystems, Carlsbad, CA, USA). Total RNA was reverse 

transcribed to cDNA using a specific cDNA synthesis primer. 

One microliter cDNA was used for real-time PCR using 

qPCR master mix kit. After this reaction, the cycle threshold 

(C
T
) values were determined using the threshold setting. 

ThemiR-26a concentration in HepG2 cells was normalized 

to U6 RNA in calculations of the expression level of the 

miR-26a in cells. The increase in the expression level of 

miR-26a in exosome-transfected cells was calculated based 

on the U6 levels. Quantitative PCR was run on an ABI 7500 

thermocycler (Applied Biosystems, Carlsbad, CA, USA), and 

the data were analyzed using the 2−ΔΔCt method.

Cell cycle assay
The effect of APO-Exo/miR-26a uptake on the progression 

of the cell cycle was analyzed using the propidium iodide 

(PI) method.3 HepG2 cells were seeded in a six-well plate at 

a density of 2×105 cells/well. After incubating for 24 h, the 

medium was removed and the cells were incubated in fresh 

medium including PBS, Exo/miR-26a, or APO-Exo/miR-26a 

for 48 h. The cell cycle was determined using a Propidium 

Iodide Kit (Invitrogen, Carlsbad, CA, USA). Briefly, after 

washing three times with PBS, the cells were fixed with 

4 mL of 75% ethanol for 4 h at 4°C. The cells were washed 

twice with PBS and incubated for 30 minutes at 37°C with 

100 μL of 200 μg/mL DNase-free RNaseA. Finally, 100 μL 

of 1 μg/mL PI was added into cell suspension and incubated 

for 10 minutes at room temperature. The stained HepG2 cells 

were then analyzed using a flow cytometer (Caliber, Becton 

Dickinson, San Jose, CA, USA).

Western blot analysis
Western blot analysis was performed as previously 

described.31 Exosome samples were lysed in sodium dodecyl 

sulfate loading buffer. After boiling, equal amounts (10 μg) 

of the proteins were electrophoresed on 12% sodium 

dodecyl sulfate–polyacrylamide gels and transferred to 

Immobilon® membranes (Millipore, Bedford, MA, USA) 

using wet blotting methods, and then transferred onto poly-

vinylidene fluoride membrane, and blocked and incubated 

with monoclonal antibodies APO (1:500), CD63 (1:1,000), 

CD9 (1:1,000), GAPDH (1:1,000), CCND2 (1:1,000), 

CCNE2 (1:500), CDK6 (1:500), and β-actin (1:1,000) 

overnight, respectively. The membrane was washed three 

times and incubated with horseradish peroxidase-conjugated 

secondary antibody (1:2,000) for 2 h at room temperature. 

A WesternBright™ western blotting detection kit (Advansta, 

Menlo Park, CA, USA) was used to visualize the bands on 

the membrane. The protein expression level was normalized 

to β-actin expression, that is, a housekeeping gene.

Statistical analysis
Data were analyzed as detailed in each section with specific 

values being expressed as their mean ± SD. Each measure-

ment was repeated at least three times. Statistical analysis was 

carried out via the two-way analysis of variance (ANOVA) 

tests with values of P,0.05 being considered statistically 

significant.

Results
Construction and validation of 
pEGFP-CD63-Apo-A1
According to earlier publications, the tumor-targeting func-

tion of exosomes was introduced by expressing Apo-A1 in 

parent cells.37,38 The overall schematic is shown in Figure 1A. 

The Apo-A1 gene was cloned into the pEGFP-N2 vector 

downstream of the CD63 sequence. This cloning strategy 

led to the expression of Apo-A1 on the external face of the 

plasma membranes via the transmembrane domain of CD63. 

The transfection efficiency was determined by measuring 
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the fluorescence signal of GFP in HepG2 cells, which was 

introduced downstream of CMV promoter of pEGFP-N2. 

The vector was verified by PCR and sequencing to ensure 

correct integration of the genes as shown in Figure S1. The 

vector was subsequently transfected in 293T cells using 

lipofectamine. After 48 h, untransfected cells did not generate 

any sensible levels of GFP fluorescence (Figure 1B), while 

pEGFP-CD63-Apo-A1-transfected 293T cells showed robust 

green fluorescence. We then sorted and isolated the cells 

expressing GFP by flow cytometry. The expression of GFP in 

the sorted cells is shown in Figure 1C. Immunofluorescence 

analysis of transfected cells that stained with anti-Apo-A1 

antibody showed Apo-A1 was expressed in transfected 

293T cells (Figure S2).

Characterization of Apo-A1 exosomes
The plasmid encoding the gene fusion between CD63 

and Apo-A1 was transfected in HEK293T cells for 96  h 

prior to harvesting exosomes. Exosomes were isolated 

separately from culture supernatants of untransfected and 

Apo-A1-transfected HEK 293T cells using the exoEasy 

Kit. The purified exosomes were characterized using TEM 

and dynamic light scattering (DLS). TEM photographs 

of exosomal preparations (Figure 2A) revealed a number 

of expected morphological characteristics, including an 

average diameter of 120±9.7 nm and a closed membrane 

with a surface potential of -16±2.2 mV. It should be noted 

that there were some modest differences in the topography 

of the miR-26a-loaded exosomes, including slightly larger 

Figure 1 Schematic representation showing the design, construction, and transfection of pEGFP-CD63-Apo-A1 in HEK293T cells.
Notes: (A) Schematic representations of the engineered Apo-A1 expression vector. (B1–B3) Micrographs of fluorescent, bright field, and merged images of untransfected 
HEK293T cells. (C1–C3) Micrographs of GFP-fluorescence, bright field, and merged images of pEGFP-CD63-Apo-A1-transfected HEK293T cells.
Abbreviation: GFP, green fluorescent protein.
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average diameter and surface potential, that is, 135±11.3 nm 

(Figure 2B) and -21±3.1 mV, respectively. Regarding these 

variations, we speculate that it is a consequence of elec-

troporating miR-26a in exosomes, as all other procedures 

used to produce exosomes were identical. The average 

diameter of exosomes recorded using DLS was consistent 

with those determined from an analysis of exosomes using 

TEM images (Figure 2C and D). It was noted that there is a 

common phenomenon of two peaks (about 40 and 120 nm) 

in the exoEasy Kit-purified exosomes.

Furthermore, CD63 and CD9 in the membrane of 

exosomes were confirmed using western blot analysis of 

exosomes isolated from transfected 293T cells (Figure 2F). 

As expected, we determined Apo-A1 was expressed only in 

pEGFP-CD63-Apo-A1-transfected exosomes. On the other 

hand, CD63 and CD9 (exosome markers) were expressed 

in both transfected and untransfected exosomes. In addi-

tion, the two bands in western blot analysis correspond 

to endogenous CD63 (26 kDa), and the larger engineered 

fusion protein (CD63-Apo-A1, 54 kDa) was detected in 

exosomes isolated from transfected 293T cells (Figure 2E 

and F). In addition, consistent with previous reports, 

GAPDH was also detected in exosomes (Figure 2F).39 

These results suggest that the isolated sample is exactly 

the exosome.

Quantification of miR-26 loading into 
exosome
Next, we investigated the efficiency of electroporation-

mediated loading of miRNA in exosomes expressing Apo-

A1.40 The amount of miR-26a loaded into purified exosomes 

was evaluated using a qRT-PCR assay. A calibration curve 

β

Figure 2 Characterization of exosomes.
Notes: (A, B) TEM micrographs of Apo-Exo before and after loading with miR-26a, respectively. (C, D) DLS assay corresponding to (A and B). (E) Western blots of 293T 
cells untransfected (mock) and transfected with pEGFP-CD63-Apo-A1 vector (transfected). (F) Western blots of exosomes obtained from culture supernatants of 293T cells 
that had been untreated (mock) and transfected with pEGFP-CD63-Apo-A1 vector (transfected; n=3).
Abbreviations: Apo-Exo, Apo-A1-Exosomes; DLS, dynamic light scattering; TEM, transmission electron microscope.
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was established for the qRT-PCR assay using known amounts 

of pure miR-26a in a set of serially diluted samples. The 

Pearson correlation coefficient for the standard curve was 

determined as R2.0.99 (Figure S3A). The linear range of 

the C
T
 value was from 17.28 to 30.11, which corresponds to 

miR-26a levels of 10 amol to 100 fmol (Figure S3B). The 

amount of miR-26a loaded into exosomes as determined from 

this standard curve is 0.12 pmol/μg. The results demonstrated 

that electroporation of exosomes results in an efficient load-

ing of miR-26a.

Uptake of exosome by HepG2 cells
Next, we determined the specificity and efficiency of exosome 

uptake by HepG2 cells. HepG2 cells were treated with either 

200 μg/mL of control exosomes (no Apo-A1; Exo-control) 

or test Apo-A1-Exosomes (Apo-Exo) at 37°C for 12 h. Both 

exosome preparations were labeled with the fluorescent probe 

DiO. CLSM was used to monitor the fluorescence intensity 

of DiO-labeled exosomes in HepG2 cells. The fluorescence 

intensity of HepG2 cells treated with DiO-labeled Apo-A1-

modified exosomes (Apo-Exo-A1) was higher than that in 

cells incubated with DiO-labeled control exosomes (Exo-

control). Figure 3A shows that cells in the control sample 

emitted a very low green fluorescence signal. Figure 3B 

indicates that the Apo-Exo is more easily uptake by HepG2 

cells. In separate control studies, the green fluorescence 

cannot be detected in non-treated HepG2 cells, or in HepG2 

cells incubated with the unlabeled Exo-control (Figure S4). 

Similary, Apo-Exo shows the similar results as HepG2 cells 

in SMMC-7721 cells that is known as the expression of 

SR-B1 on the cell’s surface (Figure S5).

Next, we investigated the dynamics of the uptake of 

miR-26a-loaded Apo-Exo in HepG2 cells. Differential 

interference contrast and confocal fluorescence images of 

HepG2 cells were recorded at 1, 3, 6, 12, and 24 h after incu-

bating 200 μg/mL of Apo-Exo-A1 loaded with Cy5-labeled 

miR-26a. CLSM fluorescence images of cells incubated with 

APO-Exo/miR-26a (red) with DAPI (blue), along with the 

merged images (DAPI/Cy5) from this study are shown in 

Figure 4. Analysis of the images show the intensity of red 

fluorescence (Cy5-miR-26a) in HepG2 cells increased up 

to the 6 h time point and thereafter decreased for 24 h; its 

intensity of red fluorescence was about two-thirds of that of 

the 6-h time point. The decrease in Cy5 fluorescence may 

result from processing of internalized APO-Exo/miR-26a by 

HepG2 cells, and/or loss of the Cy5 molecules. Interestingly, 

Cy5-labeled miR-26a was found to localize primarily to 

the cytoplasm of HepG2 cells, although we cannot exclude 

the possibility that lower levels of the probe exist in the 

nucleus (Figure 4).

The effects of miR-26a delivered by 
Apo-Exo on HepG2 cells
Next, we investigated the effects of the uptake of miR-26a-

Apo-Exo by HepG2 cells on their wound-healing response. 

The migratory properties of HepG2 incubated with Apo-

Exo/miR-26a were monitored over 4 days within a simple 

wound-healing assay. HepG2 cells were first incubated for 

6 h with each of the following: Exo/miR-26a (exosome 

control) or Apo-Exo/miR-26a (test) and an untreated control. 

Confluent monolayers of cells were scratched with a sterile 

tip, washed twice with PBS, and cultured for a further 24 

Figure 3 Uptake of exosome by HepG2 cells.
Notes: (A) Confocal images of HepG2 cells after 12 h incubation with 200 μg/mL of DiO-labeled Exo and Apo-Exo-A1 under 37°C 5% CO2 condition. Images of DiO-labeled 
exosomes (green) and DAPI (blue) stained nuclei were imaged by merging the confocal images. (B) Relative fluorescence intensity of DiO-labeled exosomes internalized in 
HepG2 cells. Scale bars represent 100 μm. Data are shown as mean ± SD (n=3) with significance value *p,0.05.
Abbreviations: Apo-Exo-A1, Apo-A1-modified exosomes; DiO, 3′-dioctadecyloxacarbocyanine perchlorate.
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or 72 h. Bright field microscopy was used to measure the 

distance that the cells migrated into the wound. After 72 

h, the wound-like gaps in the untreated and Exo/miR-26-

a-treated cells had healed almost completely (Figure 5A), 

indicating that the HepG2 cell migration was normal in the 

control samples. The results from the quantitative analysis 

(Figure 5B) indicated a statistically significant reduction in 

the wound closures in the Apo-Exo/miR-26a-treated cells 

Figure 4 Confocal images of Cy5-labeled miR-26a-loaded Apo-Exo in HepG2 cells recorded at different time points.
Notes: (A) The uptake of Apo-Exo in different time points (1 h, 3 h, 6 h, 12 h, and 24 h). (B) The relative fluorescence in the Apo-Exo treated HepG2 cells. Scale bar: the 
first list is 50 μm, and the rest is 10 μm. All data are shown as mean ± SD compared to 1 h group with significance value *p,0.05 (n=3).
Abbreviation: Apo-Exo, Apo-A1-Exosomes.

Figure 5 Results of HepG2 cells treated with Apo-Exo/miR-26a in vitro.
Notes: (A) Effect of Apo-Exo/miR-26a on HepG2 cells migration. Images were recorded 1, 2, and 4 days after scratching. T1, T2, and T4 represented the first, second, and 
fourth days. (B) Ratio of migration corresponding to (A). (C) Cell proliferation of HepG2 cells after treatments with different exosome preparations. (D) Relative expression 
change of miR-26a level in HepG2 cells at different time points (n=3). All data are shown as mean ± SD with significance value *p,0.05.
Abbreviation: Apo-Exo, Apo-A1-Exosomes.
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compared with the untreated and the negative control cells, 

respectively.

Next, we assessed the rate of cell proliferation for HepG2 

cells treated with miR-26a-loaded Apo-A1 exosomes. 

The CCK-8 assay was used to quantify cell proliferation. 

Quantitative analysis of these data showed a statistically 

significant reduction in the rate of cell proliferation in 

Apo-Exo/miR-26a-treated cells compared with untreated 

cells (Figure 5C). In summary, these studies show that the 

internalization of miR-26a in HepG2 cells is accompanied by 

specific changes in cell physiology, including cell migration 

and proliferation.

Furthermore, we explored the mechanism underlying 

the inhibition of HepG2 cell migration and proliferation 

following internalization of exosomes loaded with miR-26a. 

qRT-PCR was used to quantify the expression level of 

miR-26a in HepG2 treated with miR-26a-loaded exosomes. 

The results showed a time-dependent elevation of miR-26a 

(upregulation) in HepG2 cells that had been incubated 

with Apo-Exo-loaded miR-26. Interestingly, unmodified 

exosomes loaded with miR-26a were also found to be taken 

up by HepG2 cells, albeit at much lower levels. The low 

levels of miR-26a delivered by control exosomes may result 

from nonspecific uptake of exosomes by HepG2 cells, or else 

because the exosomes generated from 293T cell contain a 

background of surface proteins that are recognized by recep-

tors on HepG2 cells. A closer inspection of data recorded at 

3, 6, 12, 24, 48, and 72 h showed the levels of miR-26a in cells 

treated with Apo-Exo/miR-26a were indeed significantly 

higher than those of control exosomes (Figure 5D).

miR-26a delivered by Apo-Exo inhibited 
cell cycle and protein expression
The uptake of Apo-Exo loaded with miR-26a by HepG2 

cells inhibited the progression of the cell cycle by arresting 

cells at the G1 phase, as shown in Figure 6A–C. The HepG2 

cell cycle was unaffected in the two control cell groups 

(untreated and incubated with Exo/miR-26a). Figure  6D 

shows that an enhanced expression of miR-26a in HepG2 

cells correlates with an increase in the probability of their 
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arrest at G1 compared with untreated cells, or those incu-

bated with control exosomes (Exo/miR-26a). This finding is 

consistent with earlier reports on the effects of miR-26a.41 

Correspondingly, our study shows that the upregulation of 

miR-26a expression in HepG2 cells inhibits the rates of 

proliferation and migration.

miRNAs are attractive candidates for tumor therapy, 

because they can be designed to target specific gene or even 

multiple genes, and they can exert their effects by targeting 

defined molecules that regulate critical cellular processes.42 

To further investigate the mechanism of miR-26a-mediated 

inhibition of cell proliferation, we quantified the expres-

sion levels of key cell cycle checkpoint proteins, including 

cyclin D2 (CCND2), cyclin E2 (CCNE2), and CDK6. These 

proteins have been predicted and identified as the targets of 

miR-26a, and they play important roles in regulating the 

passage through G1/S.30 As shown in Figure 6E, the uptake 

of Apo-Exo/miR-26a by HepG2 cells results in a significant 

downregulation of the expression levels of CCNE2 and 

CDK6. In contrast, the amounts of these proteins are similar 

in the two control groups (untreated cells and control exo-

somes). This finding suggested that the miR-26a delivered 

by Apo-Exo arrests the cell cycle by reducing the amount 

of key protein regulators of the G1/S transition (CCNE2, 

CDK6, and CCND2). Taken together, we have shown that 

Apo-A1-engineered exosomes are preferentially endocy-

tosed by HepG2 cells where their cargo of miR-26a triggers 

cell cycle arrest and results in reductions in the rates of cell 

proliferation and migration.

Discussion
Exosomes are natural delivery vehicles that exchange mac-

romolecular cargo and information between remote cells in 

the body.43 The sealed membrane of the exosome protects 

its internal cargo of nucleic acids and proteins from the 

destructive effects of circulating nucleases and proteases. 

Significantly, proteins on the external membrane of the 

exosome may bind to target receptors on target cells where 

they are internalized by receptor-mediated endocytosis.44 

Exosomes possess a far longer period of circulation in the 

body compared with artificial nanoparticles, which increases 

the chance of encountering with rare, remote, and deep-seated 

target cells.5 These favorable features are driving efforts to 

engineer exosomes for the targeted delivery of exogenous 

nucleic acids and therapeutic drugs to diseased cells,4,45 

especially tumor cells.14,46

In the present study, we introduced a novel class of 

engineered exosomes that are shown to deliver a therapeutic 

miRNA cargo to target cells. In particular, human 293T 

cells were engineered, using standard molecular biology 

approaches, to prepare exosomes with a targeting Apo-A1 

sequence, a component of HDLs. After purification, these 

exosomes were loaded with a cargo of fluorescently labeled 

miR-26a by electroporation and characterized using a 

variety of physical, biochemical, cell biological, and high-

resolution fluorescence and electron microscope imaging 

techniques. Apo-A1-modified exosomes were shown to 

bind specifically to HepG2 cells via their SR-B1 receptor. 

SR-B1 is abundant on the surface of liver cancer cells and 

tumor-associated vascular endothelium, which is believed 

to facilitate vascular and tissue penetration of antitumor 

agents.47 Apo-A1-presenting exosomes were shown to be 

efficiently endocytosed by HepG2 cells. Subsequently, miR-

26a released into the cytoplasm of these HepG2 cells resulted 

in its upregulation and led to an enhanced suppression in 

the rates of cell migration and proliferation. Further stud-

ies showed that the elevated miR-26a downregulated three 

key cell cycle control proteins, the consequence of which 

includes an increase in the arrest of the cell cycle at the G1/S 

checkpoint and inhibition of cell proliferation.30 In addition, 

the efficiency of our engineered exosomes in targeting and 

suppressing HepG2 cells arises from several enhanced 

and optimized features of the engineered exosomes. These 

features include correct presentation of Apo-A1 on the 

outer membrane of the exosome, high-efficiency loading of 

fluorescent miR-26a, the selective targeting and uptake of 

Apo-A1 exosomes by cancer cells that overexpress SR-B1, 

and finally, the release of functional miR-26a into targeted 

cells. Furthermore, we showed that miR-26a delivered 

to HepG2 cells was upregulated in the host cell, which 

enhanced its ability to suppress the levels of key protein 

regulators of the cell cycle. Interestingly, we note that the 

delivery of therapeutic cargo to late endosomal/lysosomal 

compartments by exosomes could also be exploited to 

deliver drugs specifically to intracellular-resident microbial 

pathogens.44

Over the past decade, thousands of researchers have 

contributed to the development of exosome-based vehicles 

for targeted delivery of therapeutics to diseased, including 

neurodegenerative diseases4 and cancer.48 Collectively, 

these studies have identified advantages of exosomes, over 

viruses and artificial nanoparticles, for the targeted delivery 

of therapeutics to diseased cells. However, the potential of 

engineered exosomes for clinical therapies is limited by their 

very challenging manufacture, and the need to conduct a 

comprehensive molecular and functional characterization 
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on each preparation prior to a treatment, both of which are 

expensive and labor-intensive.49 These challenges could be 

overcome by developing robust and automated devices that 

can carry out operations associated with the production and 

purification of disease-targeted exosomes from genetically 

engineered 293T cells (or stem cell or CAR-T cells). The 

engineered exosomes can eventually be made in the form of 

injectable for therapeutic drugs, including miRA and protein-

based therapeutics. Efforts to automate the preparation of 

tumor-targeted exosomes for use in small animal models of 

human cancer are under way in our laboratories.

Conclusion
We have engineered exosomes as living vehicles for tumor-

targeted delivery and uptake of a small RNA therapeutic 

to a model cell of human liver cancer. Our results showed 

that miR-26a was delivered with high efficiency to target 

cells where it was further released, and it led to the down-

regulation of key regulatory proteins of the cell cycle. The 

development of a simple approach to engineer human cell-

derived exosomes for the targeted delivery of specific and 

functional therapeutic miRNA species to tumor cells could 

be further exploited for personalized medicine and gene 

therapy. In summary, our study demonstrates the potential 

of using engineered exosomes as living vehicles for the 

targeted delivery of functional small RNAs for the effective 

treatment of cancer.
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Supplementary materials

Figure S1 Results of the construction of pEGFP-CD63-Apo-A1 by PCR and sequencing.
Notes: (A) 1: CD63 (740 bp); 2: Marker; 3: Blank; 4: APOA (840 bp). (B) The representative results of sequencing for CD63. (C) The representative results of sequencing 
for Apo-A1.
Abbreviation: PCR, polymerase chain reaction.
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Figure S2 Immunofluorescence analysis for Apo-A1 expression.
Notes: (A) Images of immunofluorescence analysis of the Apo-A1 expression in transfected 293T cells. (B) Immunofluorescence analysis for Apo-A1 in Exosome. Exo: 
exosomes isolated from untransfected 293T cells. Apo-Exo: exosomes isolated from CD63-Apo-A1 vector-transfected 293T cells.
Abbreviation: Apo-Exo, Apo-A1-Exosomes.

Figure S3 Quantification of miR-26a loaded in exosome.
Notes: (A) qRT-PCR analysis of series diluted miR-26a. (B) The generated standard curve corresponds to (A).
Abbreviation: qRT-PCR, quantitative reverse transcription polymerase chain reaction; Rn, normalized reporter.
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Figure S4 No DiO significant fluorescence signal detected in HepG2 cells untreated or in HepG2 cells incubated with unlabeled exosomes.
Abbreviation: DiO, 3′-dioctadecyloxacarbocyanine perchlorate.

Figure S5 Uptake of exosome by SMMC-7721 cells.
Notes: Confocal images of SMMC-7721 cells after 12 h incubation with 200 μg/mL of DiO-labeled Exo and Apo-Exo-A1 under 37°C 5% CO2 condition. DiO-labeled 
exosomes (green) and DAPI (blue) stained nuclei were imaged by merging the confocal images.
Abbreviations: Apo-Exo-A1, Apo-A1-modified exosomes; DiO, 3′-dioctadecyloxacarbocyanine perchlorate.
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